EXECUTIVE SUMMARY
The Oak Ridge National Laboratory (ORNL) has been tasked by the United States National Nuclear Security Administration's Second Line of Defense (SLD) program with determining a viable method for mitigating high background radiation levels in radiation portal monitors (RPM). High background radiation levels adversely affect the ability of RPMs to detect small sources of radiation. For this reason, it is desirable to install RPMs in low background environments where a low false alarm rate can be achieved and small deviations in detector signals are able to trigger alarms. To investigate the mitigation of high background levels, a test bed was established at ORNL capable of reproducing many factors that contribute to radiation background levels. The controlled environment of the test bed allows the isolation of a variety of factors that influence background and are difficult to accurately characterize in the field. In this work, the test bed is used to characterize numerous RPM configurations encountered in the field and provide a benchmark for modeling RPM background levels. Accurately modeling the background measured by a RPM allows future background remediation techniques to first be modeled to test their validity before being installed in the field. The utilization of these tools can yield a cost savings to the program by minimizing costly field installations and understanding the outcome of remediation techniques prior to widespread implementation.
INTRODUCTION
The radiation portal monitor (RPM) test bed ( Figure 1 ) at Oak Ridge National Laboratory (ORNL) has been used to study possible background remediation techniques through the measurement and modeling of different RPM configurations. A variety of RPM configurations were measured in different background environments by a TSA Systems VM-250AGN 1 vehicle monitor to provide a realistic benchmark capable of verifying the accuracy of radiation transport computer models. An accurate RPM model allows the impact of background remediation techniques to be calculated before configuration changes are made in the field. Understanding how background radiation levels contribute to RPM count rates can provide a cost savings to the program by preventing the installation of background remediation techniques that do not lower the RPM count rate as expected. 
ORNL RPM TEST BED

Capabilities
The test bed has the unique capability of altering the background environment experienced by the RPM through the movement of concrete slabs placed between the RPM pillars ( Figure 2 ). The slabs contain varying concentrations of granite aggregate that produce a different activity level for each slab. Three concrete slabs, referred to as Slabs G, F, and L, are available for measurement in addition to the natural background provided by the asphalt present at the site. The concrete slabs measure 396.1 cm × 457.0 cm × 30.5 cm and were constructed to fit between vehicle monitors of typical spacing.
In addition to changing the source of the background activity, radiation from the source can be attenuated by different shielding configurations at the test bed. Collimators ( Figure 3 ) and shadow shields ( 
Calibration
Before any measurements were conducted at the test site, the RPM was calibrated and the detector efficiencies were calculated. This ensured that the correct operational settings were used so the RPM at the test bed could be compared to RPMs deployed across the Second Line of Defense (SLD) program. The lower and upper level discriminators were set to equate to a region of interest of approximately 25-40 keV. The gamma detectors were calibrated with a multichannel analyzer (MCA) by following the "Multichannel Analyzer Alignment Procedure for TSA Radiation Portal Monitors."
2 Additional details regarding the calibration are in Section A.1 of Appendix A. The efficiencies of the gamma detectors were calculated by following the "Second Line of Defense Functional Compliance Test Procedure for TSA Radiation Portal Monitors." 3 As shown in Table 1 , expected values were calculated for all the detector efficiencies. Additional details regarding the efficiency calculation are in Section A.1 of Appendix A. 
RPM Field Data
Data were collected at the RPM test bed with the TSA Systems VM-250AGN vehicle monitor to provide a reliable base case that computer models could be benchmarked against. Four RPM configurations were used in three different background environments to obtain a set of 12 measurement points for verifying computer models. The different configurations include the independent concrete slab, the slab with shadow shields, the slab with collimators, and the slab with shadow shields and collimators. Each configuration has a corresponding configuration number to aid plotting of data (Table 2) . Data was acquired from each RPM configuration for multiple days to obtain an accurate measurement of the steady-state RPM background level. From the days of data recorded, a segment of the data stream was chosen for analysis that was not influenced by external factors such as rainstorms 4 or irregular detector noise.
* The average detector count rate was then calculated from the chosen segment of data. To determine if the RPM provided reliable test results, graphical data was examined throughout the test campaign for irregular data patterns and control data was recorded before and after testing with only the asphalt source present. Shown in Table 3 , the selected RPM data can be expected to be accurate to within approximately 5% of the measured value. Tables 4-6 contain the data recorded from the RPM for all configurations. The field data has been corrected for efficiency, making the plotted data more representative of the implemented configuration than the efficiency of the detectors; all detectors are normalized to an efficiency of 25%. Figures 6-8 show Slab G contains the highest activity, Slab L contains the second highest, and Slab F contains the lowest activity, respectively. As expected, the shadow shields provide a relatively small reduction in background because they are limited to attenuating gammas originating behind the RPM pillars. A large reduction in background was experienced from the lead collimators, and a combination of the shadow shields and collimators provided the greatest reduction in background. Uncertainties from counting statistics for the RPM count rates were propagated and are shown in Tables 4-6 
ISOCS Field Data
To develop a model of the RPM capable of reproducing the recorded RPM field data, accurate source terms were required for the asphalt and concrete slabs. Spectra were recorded from the asphalt and the concrete with a high-purity germanium detector to determine the radioactive constituents of the sources. In a previous study conducted by Ryan, 5 spectra of concrete core samples were recorded, and in the present work, the asphalt was measured (Figure 9 ) to account for its contribution to the background radiation level. The spectra were then analyzed with the In Situ Object Counting System 6 (ISOCS) software to create an efficiency calibration (Figure 10) . The efficiency calibration allowed specific activities to be calculated for the different isotopes present in the asphalt and concrete. The gamma energies and branching ratios used in the analysis are shown in Table 7 . Most of the activity resulted from primordial nuclides present in the decay chains of K-40, Th-232, and U-238. However, a small amount of Cs-137 was detected in the asphalt at the test bed. Ultimately, the data utilized from the ISOCS analysis includes the specific activities of each background source (Table 8 ) and the total activities corrected for mass and isotopic branching ratio ( Table 9 ). The source terms produced for each background source are shown in Section A.2 of Appendix A. Figure 10 is abridged from the actual geometry used for this work for illustrative purposes. 
MONTE CARLO ANALYSIS
Model Design
The radiation transport computer model created in MCNP 7 ( Figures 11 and 12 ) was designed through numerous iterations to ensure it represented the RPM at the test bed as accurately as possible. In addition to the present work, the input decks have been modified by Solodov, Ryan, and Fitzmaurice. 8 Ultimately, a combination of a large atmosphere, concrete layered for variance reduction, and separate asphalt and concrete input decks allowed for a sufficiently realistic model.
The spherical atmosphere used in the model had a 1300 m radius that allowed sufficient scattering of the gammas emitted from the 74 m × 74 m asphalt. The size of the atmosphere to use in the model was determined by varying the atmosphere radius and tracking the change in the detector response. Due to the gammas ability to easily scatter through the atmosphere and still be detected by the RPM, it was determined a 1300 m radius atmosphere was required for the model to produce an unbiased result.
The concrete slab defined in the model was split into three different layers to utilize a common variance reduction technique, geometry splitting. 9 Due to the large thickness of the concrete, many of the source particles tracked by MCNP would not penetrate the concrete and ultimately not be detected. Executing an analog model in this manner would require excessive computational time to obtain a low relative error. Alternatively, geometry splitting was used in the different concrete layers to allow increased tracking of particles of interest while still ensuring undistorted results.
Separate input decks were created for calculating the detector response from radiation emitted from the asphalt and the concrete. Due to the large volume of asphalt used in the model, a disproportionate amount of activity was present in the asphalt. Thus if two source cards were used in one input deck, the source card for the concrete would be sampled so few times that a prohibitively large number of source particles would be required. Separating the source cards in different input decks allowed adequate sampling from both sources. The activities of each source calculated from ISOCS allowed the detection probabilities from the model to be corrected and combined. 
Material Definitions
The material definitions of concrete used in the model were calculated by neutron activation analysis (NAA) in previous work conducted by Ryan. 5 Neutron activation analysis is a complex method of determining material properties by irradiating a sample with neutrons and measuring the decay of the product nuclides. A high flux of neutrons is required for the analysis and is normally provided by a nuclear reactor. This type of analysis and other destructive techniques that require acquisition of a material sample are not suitable for routine field use. However, the material properties of concrete and asphalt are largely dependent on the type of aggregate used. If the aggregate material can be determined, an accurate material definition can be obtained from material data sheets developed for radiation transport modeling. 10 The attenuation coefficients for the energies of interest are the most important characteristic of the material definition for modeling and can be more easily estimated than the exact isotopic composition. Since the material definitions in the model do not contribute to the radiation source term and large differences in isotopic composition are not expected for concrete and asphalt, an estimate of the RPM detector response can still be calculated without measuring precise material compositions.
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RESULTS
To compare the results of the model with the RPM benchmark values, the fraction of background measured by the RPM was calculated after each configuration change (Figures 13-15) . Measurements with only the concrete slab in place were used as a base case from which to compare all the remediation techniques. For instance, the fraction of background measured by Configuration 3 was calculated by dividing the count rate from slab G with collimators by the count rate from slab G only. In all cases, the model proved capable of calculating the expected reduction in background to within 10%. The uncertainties listed in Tables 10-12 are limited to counting statistics and are not representative of total measurement uncertainty.
In general, the model replicated the measured RPM data and calculated the expected results. The model calculated the largest reduction in background from Configuration 4 with both the collimators and the shadow shields installed. The smallest reduction in background was produced by Configuration 2 with only the shadow shields installed. The data illustrates broad trends in the reduction of background caused by a remediation technique are easily determined by the model. However, differences between the model and the RPM data for a given configuration show sources of error are present that are not attributed to counting statistics.
The model did not calculate a large enough reduction in background for Configuration 2 from Slabs G and L. This result was caused by the model calculating different probabilities of interaction from the slab and asphalt input decks. The slab input deck for Configuration 2 produced an interaction probability greater than the base case due to gammas from the concrete scattering off the shadow shields and into the detectors. This only amounted to an approximately 1% increase in count rate due to the relatively low probability of this scattering event. The asphalt input deck for Configuration 2 resulted in a significantly lower interaction probability than the base case due to the attenuation of gammas in the shadow shield that originated in the asphalt outside of the RPM pillars. However, when the interaction probabilities were corrected for specific activity, the majority of the count rate resulted from the slab input deck, therefore giving less weight to the lower interaction probability from the asphalt input deck. These differences show opportunities for improvement in the model, but are not of great concern since the majority of the results are within the expected accuracy of 5% (Table 3 ). 
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CONCLUSIONS
An accurate model of the RPM at the ORNL test bed has been established and is capable of calculating the reduction in background due to remediation techniques to within 10% of measured values. The model can be utilized to determine the effect of remediation techniques before installation so costly mistakes can be avoided. New techniques for background remediation can also be tested with the model to provide justification for field deployment. The ORNL test bed will continue to provide a realistic field environment in a controlled setting for the advancement of RPM technologies. The addition of the model to the existing capabilities of the test bed allows calculations to accompany field data and expand the boundaries of experiments conducted at the test bed.
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APPENDIX A
A.1 Calibration Details
A Cs-137 source was positioned on the yellow circle on each polyvinyl toluene (PVT) detector, and spectra were recorded for the first-and second-stage gain. The first-stage potentiometer ( Figure A.1) was adjusted until the local maximum was in channel 40 (±3). The second-stage potentiometer ( Figure A. 2) was adjusted until the local maximum was in channel 150 (±5). The efficiency of each detector was calculated by first measuring the background and then measuring a Co-57 source taped to the yellow circle on each PVT slab. Five readings were obtained from each detector and then averaged for use in calculating the detector efficiency (Tables A.1 and A. 2). The properties of the Co-57 source used for the measurements are listed in Table A. 3. 
A.3 RPM Data Selection
Each RPM configuration was measured for multiple days before data was selected for averaging. Data was used from time periods free of rain events and other irregular detector responses. The black boxes in Figure A .3 show the time periods of data used from the sample set. 
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